Improved toughness in hard and superhard thin films is a primary requirement for present day ceramic hard coatings, known to be prone to brittle failure during in-use conditions. We use density functional theory (DFT) calculations to investigate a number of (TiAl) 1-x and, upon shearing, leads to the formation of a layered electronic structure in the compound material, consisting of alternating layers of high and low charge density in the metallic sublattice, which in turn, allows a selective response to normal and shear stresses.
Introduction
Toughness, defined as the ability of a material to resist crack initiation and propagation up to its fracture point [1, 2] , is one of the most important material properties. In fact, for the many applications where coatings are used to protect and/or enhance performance, toughness is a primary requirement for the reliability and safe operation of critical components. Ceramics, known for millennia as outstandingly resistant to heat, corrosion and wear, are extensively used presently as thin film coatings in electronic, energy, automotive, aeronautical, and machining applications. Impressive progress has been achieved within the last decades in the design of hard (hardness 20 GPa), superhard (40 GPa), and ultrahard (80 GPa) coatings [3] [4] [5] [6] [7] , yet, given the inherent brittleness of ceramics [8, 9] , modern hard ceramic thin film coatings are prone to brittle failure, particularly during in-use conditions [10, 11] , for example in cutting tool applications.
Increased hardness/strength alone, typically translating to a corresponding increase in brittleness, will not prevent brittle failure [12] [13] [14] . Thin film hardness has to be matched by parallel enhanced toughness, which equates to increased ductility, condition which represents the only solution to coatings failure in modern applications [15] [16] [17] [18] . Attaining simultaneous improvements in thin film coatings hardness and toughness represents, however, a formidable materials science challenge. Primarily, this is due to the fact that crack nucleation, propagation, and fracture behavior in thin films are significantly different than in their bulk counterparts [19, 20] . In addition, on a more fundamental level, the electronic origins of brittleness and ductility are still not known, and only recently has scientific interest migrated in this direction [21, 22] .
In pursuit of this challenge, we recently reported significant toughness/ductility enhancements in a number of B1 cubic TiN-and VN-based ternary nitrides, obtained by alloying with V, Nb, Ta, Mo and W [23, 24] . Therein we demonstrated that ductility increase 3 originates in the enhanced occupancy of d-t 2g metallic states, induced by the valence electrons of substitutional elements (V, Nb, Ta, Mo, W). The effect is more pronounced with increasing valence electron concentration (VEC), and, upon shearing, leads to the formation of a layered electronic structure, consisting of alternating layers of high and low charge density in the metallic sublattice. This, in turn, allows a selective response to tetragonal and trigonal deformation: if compressive/tensile stresses are applied, the structure responds in a "hard" manner by resisting deformation, while upon the application of shear stresses, the layered electronic arrangement is formed, bonding is changed accordingly, and the structure responds in a "ductile/tough" manner as dislocation glide along the  110   11 0 slip system becomes energetically favored.
Based on the promising results obtained for TiN-and VN-based ternaries, in this paper we expand our density functional theory (DFT) investigation to TiAlN-based alloy coatings. This choice is motivated by the potential to improve on multifunctionality of materials, as the refractory TiAlN system exhibits resistance to oxidation and wear, as well as age hardening by spinodal decomposition [3] . Ab-initio results of mechanical properties, from hardness to a complete set of elastic moduli, are reported for B1 cubic (TiAl) 1-x V x N, (TiAl) 1-x Nb x N, (TiAl) 1-x Ta x N, (TiAl) 1-x Mo x N and (TiAl) 1-x W x N, in the 0.06  x  0.75 compositional range.
Our calculations point to substantial ductility/toughness enhancements with increasing concentrations for all alloying combinations. Significantly, the toughness improvement effect is predicted to occur in all compounds at comparable or increased hardness values, compared with those of Ti 0.5 Al 0.5 N. Theoretical predictions are in excellent agreement with experimental results obtained for (Ti 0.5 Al 0.5 ) 1-x W x N over most of the concentration range.
Methodology
As in our preceding studies, DFT calculations are performed with the VASP code [25] 4 in the generalized gradient approximation (GGA) of Perdew and Wang [26] , and electron-ion interactions described with projector augmented wave potentials (PAW) [27] . We use (Ti 0.5 Al 0.5 ) 1-x M x N simulation supercells consisting of 64 atoms, as shown in Fig. 1 , with substitutional transition metal concentrations 0  x  0.75. The arrangement of metal planes on the sublattice in our model structure is closely related to CuPt-type ordering, as used for TiN-and VN-based ternaries [23, 24] , and observed experimentally in Ti x W 1-x N films [28] .
To retain close to cubic symmetry at different chemical compositions, atoms are appropriately rearranged on metal sublattice sites. Extensive tests, at different concentrations, show that changes in the ordering of substitutional atoms on the metal sublattice have a negligible effect on the elastic properties of alloys. Total energies are evaluated to an accuracy of 10 -5 eV/atom with a large plane wave basis set energy cutoff of 500 eV, and the Brillouin zone is sampled with 4 x 4 x 4 k-point grids in the Monkhorst-Pack scheme [29] . For density of states (DOS), charge density distribution and crystal orbital overlap population (COOP) [30] calculations, we use 8 x 8 x 8 k-point grids.
Lattice parameters a, bulk moduli B, elastic constants C 11 , C 12 , and C 44 , elastic moduli G and E, and Poisson's ratios  are calculated as previously described [23] . Similarly, to predict Knoop (H K ) and Vickers (H V ) hardness, we use the models proposed by Šimůnek [31] , respectively Guo [32] , as detailed in our previous paper [24] . Typically, COOP analysis is 
Results and discussion
The results of ab-initio calculated mechanical properties, for each (Ti 0. Present work DFT calculated mechanical properties of (Ti 0.5 Al 0.5 ) 1-x V x N alloys, including, where available, reported ab-initio and experimental data. Present work DFT calculated mechanical properties of (Ti 0.5 Al 0.5 ) 1-x Nb x N alloys, including, where available, reported ab-initio and experimental data. Present work DFT calculated mechanical properties of (Ti 0.5 Al 0.5 ) 1-x Ta x N alloys, including, where available, reported ab-initio and experimental data. structural information on ordering is not given in any of the experimental papers. Very good agreement with respect to previous DFT studies is also obtained in most cases [35, 40] . and VN-based ternary alloys [24] , also with Mo/W the best candidates for enhanced ductility.
As demonstrated therein, the Cauchy pressure, and hence ductility, linearly increase with clearly see that the trend described for ternary alloys applies to the quarternaries discussed herein. These results confirm the reported VEC effect on ductility [24] , and its role as a tunable ab-initio parameter in enhancing the ductility of compounds. The second important aspect of the mechanical properties of (Ti 0.5 Al 0.5 ) 1-x M x N alloys considered here is hardness. As DFT calculations cannot be directly used to assess thin film hardness due to obvious computational resources limitations, alternative methods have been optimized to predict Knoop and Vickers hardness for a number of transition metal carbide and nitride crystals [31, 32, 43, 44] . We recently used these techniques and demonstrated that they satisfactorily account for the hardness of TiN-based thin films [24] . As in the previous study, we stress that the approaches used here are indicative of the inherent hardness of compounds and might significantly differ from thin film hardness, which depends on a large number of factors, such as microstructure through the growth conditions. It is also well known that To control the mechanisms responsible for the observed properties in the quarternary alloys presented here, one needs to understand their electronic origins. We employ the approach used in our previous studies of TiN-and VN-based ternary alloys [23, 24] , and investigate the electronic signature of applied stresses by examining the charge density distribution of unstrained and strained configurations. The procedure allows us to isolate and Fig. 5a and Fig. 5b correspond to planes 1 and 2 cuts in Fig. 1 , and map the charge density in WTi planes; Fig. 5c and Fig. 5d yield the charge distribution along the 3 rd and 4 th plane cuts in Fig. 1, i. e. for the WAl planes. As it can be seen, charge near N and Ti nuclei has a spherical distribution, indicating that Ti-N bonds are mainly ionic (Fig. 5a and 
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The covalent character of WW bonds is even more pronounced in the WAl planes, as evidenced by the charge regions connecting W atoms clearly observable in Fig. 5c and Fig.   5d . In these planes, AlN bonds are highly ionic, fact supported by the absence of charge at Al sites as a result of its transfer to nearby N nuclei. (Fig. 5a and Fig. 5b ). As one can see, essentially there is no difference between Ti-N bonds in the ternary (Fig. 6a and Fig. 6b ) and Ti-N bonds in the quarternary (Fig. 5a and Fig. 5b) Nb/Ta/Mo/W, the ductility and toughness enhancement mechanism has already been shown to be a VEC effect, which translated into stronger reference metal Ti/VN, and weaker alloying metal Nb/Ta/Mo/WN bonds [23, 24] . Upon shearing, these VEC induced bonding changes allow d-electron rich Nb/Ta/Mo/W atoms to interact stronger, leading to increased occupancy of d-t 2g metallic states and the formation of a layered electronic structure, and ultimately, a selective response to strain, respectively shear deformations. These effects are clearly seen here for Ti 0.5 W 0.5 N in Fig. 7a and Fig. 7b . By comparison, the Ti 0.5 Al 0.5 N 20 response to shear reflects its primarily ionic bonding structure, and consequently, in terms of charge density distribution, there is essentially no difference between the strained (Fig. 7c and Fig. 7d ) and the unstrained (Fig. 6c and Fig. 6d The formation of the layered electronic structure in Ti 0.25 Al 0.25 W 0.5 N upon shearing is clearly observed in the comparable WTi (Fig. 8a ) and WAl planes (Fig. 8c) , which correspond to planes 1 and 3 cuts in Fig. 1 . Here, as for Ti 0.5 W 0.5 N, alternating layers with high/low charge density are oriented along the [1 1 0] direction, i.e. normal to the applied strain, and in fact, this signature of enhanced ductility is even more pronounced in the quarternary case. In the vicinal WTi (Fig. 8b) and WAl (Fig. 8d ) layers, along planes 2 and 4 cuts in Fig. 1 , shearing induces an expected W-W bonds length elongation and weakening of these covalent bonds, as charge is transferred primarily towards N nuclei. Similar effects are observed in Ti 0.5 W 0.5 N (Fig. 7b ) and, to a lesser extent, in Ti 0.5 Al 0.5 N (Fig. 7d) [46] , and in carbonitrides [47] . [24] , will accommodate and allow dislocation glide along certain slip planes, enhance ductility, and hence the ability of materials to comply with mechanical stresses. These results demonstrate that the bonding mutation reported herein equates overall to significantly reduced bond directionality in alloys, a primary barrier to dislocation motion and brittleness precursor, and explain the role played by the VEC in enhancing ductility and toughness in these alloys. 
Conclusions
We investigate a number of (Ti 0.5 Al 0.5 ) 1-x 
